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rNo. 52 ATMOSPHERIC EXTINCTION CORRECTIONS IN THE INFRARED
by H. L. JOHNSON
May 15, 1965
ABSTRACT
The "square-root" law and the exponential, or Beer's, law are compared in relation to their use for extinction correc-
tions in the infrared and are examined from a theoretical standpoint. The computations indicate that more accurate extrap-
olations of observed intensities outside the atmosphere may be made using Beers law than by using the square-root law.
L
T
he exact procedure that should be used for
extinction corrections in the infrared part of the
spectrum has been a matter of controversy. Strong
(1939) and Sinton and Strong (1960) have advocated
the use of the so-called "square-root" law, while
others, including myself, have used the exponential,
or Beer's, law. The difference of opinion has to do
with the effect of the saturated and partly saturated
atmospheric line and band absorption in the infrared.
This matter is examined here in some detail from a
theoretical standpoint.
1. Beer's Lau
In general, the differential equation describing
atmospheric (or other) extinction is
d I(x) — 
— K(a) dM,	 (1)1(a)
where 1(A) = the intensity at any point in the
atmosphere,
K(a) — the extinction per unit air mass,
M = the air mass.
Upon integration, we obtain:
I(x) = e- K(X)M,	 (2)10(a)
where lo(a) is the intensity incident upon the atmos-
phere.
This is the exponential, or Beer's, law. It is valid
for monochromatic radiation, regardless of the
absorption mechanism. If we assume that K(a) = K,
independent of wavelength, (2) becomes
1 =e -K - M	 (3)
10
the equation that has often been used for extinction
corrections in the visible part of the spectrum. If,
however, K(,k) is not independent of a, we must inte-
grate over the pass-band of the filter, and obtain
10
	
0
Equation (4) is true in general, regardless of the
mechanism or amount of absorption.
2. Square-Ro,)t Lau
It is well known that, for completely saturated
lines, the equivalent width of an absorption line
varies approximately as the square root of the num-
ber of absorbing particles. Therefore, the equivalent
width,
W a VM,	 (5)
and
or
where
Q = the average effective extinc-
tion for the entire filter band
at unit air mass.
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Fig. I Extinction versus air mass, M. The dotted line represents Equation (6), while the solid straight line represents Beer's law.
It is assumed that all of the extinction is due to saturated lines and bands.
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This is the justification for the square-root law of
extinction correction. The derivation of Equation
(6) involves the following tacit assumptions:
(1) Within the filter pass-band, the only source
of absorption is nonoverlapping lines and bands;
(2) All lines and bands are completely saturated
at all air masses, even in the limit as Al -+ 0.
There can be no doubt that Equatioa (6) is valid,
subject to these conditions. On the otner hand, in no
practical case are these two assumptions completely
valid. For example, Equation (6) has been used by
Sinton and Strong to extrapolate their observations
to M — 0, so as to obtain the outside-atmosphere
energy. But, as the air mass is reduced, a point will
be reached where the lines are no longer saturated,
and then Equation (6) no longer applies, since for
smaller air masses W « M, approximately.
3. Comparison of Systems
In order to illustrate the differences between the
square-root and exponential laws, Figure I has been
plotted. The dotted line represents Equation (6),
while the solid straight line represents the Beer's law
extrapolation of the data at M — 1 and 2 to outside
the atmosphere. The extinction coefficient is such
that I (M — 1) / I (M — 2) — 1.2; thus, the Beer's
law extrapolation predicts about 20 percent extinc-
tion at the zenith, while Equation (6) predicts about
40 percent. Note that most of the deviation of the
dotted line from the long straight line occurs for
M < 0.2. Therefore, if we assume that at M — 0.2
the lines become unsaturated, the extinction then fol-
lows the short solid line to M — 0, rather than the
dotted one; in this case, the true intensity outside the
atmosphere is between those predicted from the
square-rout law and Beer's law, but nearer to Beer's
law.
Figure 1 is constructed on the assumption that
all of the extinction is due to saturated bites and
bands. If we now assume that one half of the differ-
ential extinction between M — 1 and M = 2 is wave-
length independent, such as that due to dust, Figures
2 and 3 are the results. As before, the extinction
coefficient is such that I (M = 1) / 1(M — 2) = 1.2.
If further, we assume that the lines become unsatu-
rated at M = .2, the error of the Beer's law extrap-
olation to M — 0 is about 4 percent, while the error
of the square-root method is about 12 percent. Note,
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Fig. 2 Extinction versus air mass, M. Symbols are the same as for Fig. 1. It is assumed that half of the extinction is wave-
length indepent!nt
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Fig. 3 Relative intensity versus the square root of the air mass. Symbols are the same as for Fig. 1.
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Fig. 5 Extinction versus air mass, M, for the artificial line. Symbols are the same as for Fig. 1.
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Fig. 6 Relative intensity versus the square root of the air mass, M, for the a, tificial line. Symbols are the same as for Fig. 1.
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however, that for large air masses, the squa.•e-root
law is more accurate. These assumptions, th it the
extinction due to saturated lines and from other
sources are about equal at M = 1 or 2, and that the
saturated lines become unsaturated for M < 0.2,
seem fairly realistic since in our actual observational
procedure we deliberately avoid the spectral regions
in which the strong atmospheric absorptions occur.
It has been said, in defense of the use of the
square-root law for outside-atmosphere extrapola-
tions, that while we do avoid the regions of the satu-
rated lines, we are still working in the wings of these
strong saturated lines, the implication being that the
square-root law applies in these wings. However,
Equation (5) applies to the entire line and it does
nct follow that the absorption of a section of the
wing also obeys this equati-)n; in fact, it does not.
1.0
M=1.0
- I 0.5
Io
To illustrate this point, we assume in Equation (4)
tha:
K (A) = —log A + const, 0 < A < 1.	 (7)
The fi!tcr band transmission is assumed to be unity,
0 < A < 1, and zero elsewhere. The variations of
1/10 with A, for M _ 1 and 2 are shown in Figure 4.
The resulting extinction curves are shown in Figures
5 and 6. It is clear that, while the square-root law
(Fig. 6) fits much better for large air masses, the
Beer's law extrapolation to M = 0 is nearer to the
true value. For this case, the errors are:
Beer's law ....................
	 3%,
Square-root law	 14%.
4. Conclusions
These computations indicate that the use of the
square-root law for extrapolation of observed inten-
sities outside the atmosphere will in all practical
cases lead to energies that are larger than the true
values. They also indicate that fairly accurate
(:t 2 percent or so) extrapolations can be made by
using Beer's law with the extinction coefficient deter-
mined from observations at M --- I and --- 2, and
then increasing the extrapolated value by 15=-30 per-
cent of the Beer's law coefficient.
Acknowledgments. Work reported here was sup-
ported by the National Science Foundation under
Grant GP-3736 and by the Office of Naval Research
under Grant Nonr(G)-00018-65.
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Fig. 4 The profiles of the artificial absorption line.
REFERENCES
Sinton, W. M., and Strung, J. 1960, Ap. J., 131,
470.
Strong, J. 1939, I. Franklin Inst., 232, 1.
BLANK PAGE
No. 58 THE ABSOLUTE CALIBRATION OF Tf.'E ARIZONA PHOTOMETRY-,
by-H. L. JOHNSON
May 15, 1965
i ABSTRACT
The absolute calibration of the Arizona Photometry, which now consists of photometric data in 12 wavelength hands LL
i ranging from 0.36 µ in the ultraviolet to 13.1 K in the infrared, has been derived. This calibration may be used to compute 	 -'
? the absolute fluxes for objects that have been measured on the system.
1. Introductiou V — R, and V-1, the solar values were obtained by
he absolute calibration of the multicolor photo- comparing Kron's (1963) data with those of the first
metric work that is now under way at the Uni- Part of Table 1, and then transforming Kron's solar -
versity of Arizona is needed for many uses of the data to the Arizona System. For V — J, V — K, _ and
data. This calibration, which we have already used V — L, the solar values were interpolated for G2V
in several investigations (Johnson 1964a,
	
1964-b, from all of the data in Table 1, with special attention
Mitchell 1964), is given here along with a description given to the data for 1t Aur and 1t Ser. Kron's data
of the procedures used for its derivation. We have not indicate that these two stars are more like the Sun
actual!; made any absolute measures in our work, in the infrared than are the others. E ?le derived solar
but, instead, have relied upon published absol-ate data are listed in Table 2. The values of V —M and
measures of the Sun and other stars. V — N were obtained by interpolation among the
available data, using the shor'°r-wavelength data of
2. Standards Used Table 2 as argument.
The absolute measures upon which our calibra- 3. Derivation of Egective Wavelengths .
tion is based are, for the Sun, from Saiedy (1960) and of F'iltr- Bands
Allen (1963); for the stars, from Code (1960) and The next step in the calibration procedure was
Stebbins and Kron (1964). The stellar data of Code to derive the effective wavelengths of the esveral
and of Stebbins and Kron may be used directly since filter bands. We used as effective wavelengt
	 the
we have also measured most of their stars. In order quantity:
to use the solar data, it is necessary to know the solar
 f
values on the Arizona Photometric System. We have J	 ,k0(,k)dxnot actually measured the Sun, so it is necessary to, —	 °	 (1)
infer its colors from the work of Stebbins and Kron
fo^d(1951) and Kron (1963). We have observed nine of
the ten stars which Kron compared with the Sun; where	 (a) -- the relative sensitivity of the
our data for these stars are listed if. Table 1, along measuring instrument, in-
with data for six other G-dwarfs. For U—V, B—V, cludir_g the telescope.
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TABLE 1
THE SOLAR COMPARISON STARS
STAR
R-S_ NAME v V.-V B-V v-R V-1 v-7 V-K V-L SP
Kron Stars
458 50 And 4.10 +_60 +.54 +_46 +35 + .93 +1.25 +1.32 F8V
483 - 4.96 _^72 +.62 +_53 +.86 +1.09 +1.39 +1.54 G2V
17210 a Aur 4.70 +35 +.63 +.52 +.83 +1.07 +1.42 - GOV
3881 - 5.10 +30 +_62 +33 +.86 +L04 +1.38 - G I V
4983 it Coin 4.26 +_65 +.57 +.48 +37 +1.03 +1.37 +1.50 GOV
5868 X Ser 4.43 +_70 +_60 +51 +.83 + 1.G5 +1.39 +1.42 GOV
7504 16 Cv9 B 6.20 +.87 +.66 +.44 +.78 +1.14 +1.53 + 1.61 G5V
8729 51 Peg 5.49 +_87 +.67 -	 +.54 +.88 +1.12 + 1.50 +1.71 G4V
- HD 157089 7.00 +.56 +.57 +.58 +.87 +1.18 +1.46 +1.72 GOV
Other G Stan
219 v Cas 3.44 +_60 +.58 +.50 +.86 +1.08 +1.47 - GOV
937 . Per 4-05 +.73 +.60 +54 +.83 +1.00 +1.34 - GOV
4496 61 UMa 535 +.96 +_72 +.62 +_93 +1.31	 - +1.71 - G8V
4785CVn 4.27 +_64 +_59 =-_54 -x.85 +1.04 +1.43 - GOV
7503 16 Cyg A 5.95 +_84 +_64 +_45 +.78 +1.06 +1.44 +1.54 G2V
TABLE 2
THE MAGtimsDE AND COLORS OF THE SUN
STAR	 V	 L"-V	 B-V	 V_R	 V-I
	
V J	 V-K
	
V-L
	
V-M
	
V-\	 SP
Sun	 -26.74	 +.70	 +.64	 +.52	 +38
	 +1.06
	 +-1.41	 +1.53	 +1.40	 +1.46
	 G2V
-,W
As King (1952), Stromgren (1937), ae-] Wesselink
(1950) have shown, instrumer_*.al magnitudes behave
to a first-order approzimatiu-n like monochromatic
magnitudes at wavelength This definiLon differs
from that which we have used in earlier papers; the
effective wavelen gths given here should be substi-
tuted for the earlier ones.
The definition of A,, in Equation ( 1) implies that,
at least to a first-order approximation, our broad-
band filters should b° direcdv cumparabie with
Code's mority--hromatic magnitudes, for A - `V e
have made comparisons for U. B, V. R_ and is as
a result of these comparisons, slight empirical cor-
rections to the values computed from Equation (1)
were made, so thet a„ is essentially independent of
stellar temperature. These c,npincally determined
values of ,t. for U, B V. X. and I are listed in Table
3, along with those cc mputed from the photometer-
response functions (Johnson 1965) and Equation
(1). for the longer wavelengths. The effective wave-
length of the I filter, judging from the comparison
with Code'% data, cannot be made entirely independ-
ent of stellar temperature; it shifts slightly to the red
for c( ,-)l stars and the calibration derived here yields
absolute energies about 10 percent too great for
such objects. We emphasize, however, that the zffec-
tive wavelength, A., is a first-order approximation
to monochromatic magnitudes at this wavelength.
The term "monochromatic" is not used here in the
strictest sense but refers to an averaged or smoothed
energy distribution over the region of the filter band-
pass. Because of the absorption lines and other
spectral features in stellar spectra, we do not expect
the absolute calibration of the wide-band photom-
etry to yield absolute energies that are identical to
those obtained from narrow-band photometry or
spectrophotometry; instead, the absolute fluxes ob-
tained from the calibration derived here apply to
rather thoroughly smoothed stellar spectral-energy
distributions.
4. Determination of Apparent Solar Magnitude
Next was the determination of the apparent mag-
nitude of the Sun. The n ►ouern photoelectric deter-
minations are listed in Table 4. Those attributed to
Willstrop and Code were computed from their meas-
ured fluxes for a star of V - 0.00 and Allen's (1963)
solar flux. The probable errors are those givers by
the several at .thorn. the weighted mean of -26.74
has been entered in Table
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S. Calibration Procedure
The absolute calibration of the Arizona Photom-
etery was obtained by interpolating in Allen's (1963)
solar-energy table, using the effective wavelengths
listed in Table 3. For the h band, the work of Saiedy
(1960) was also used. These values were then re-
duced by 26.74 mag, yielding the absolute-energy
distribution of a solar-type star of V - 0.00. Cor-
recticn according to the solar colors in Table 2 pro-
duced the absolute calibration for mag - 0.00 in
each of the filter bands. The interpolation using the
effective wavelengths An has been checked by com-
putations using the measured photometer-response
functions ('Johnson 1965) and Allen's solar-energy
distribution. The agreement is good.
6. Calibration Checks
Stebbins and Kron (1957) and Kron (1963) have
pointed out that their I value for the Sun deviates
systematically from those for some of the other stars
they observed. In order to check the calibration,
especially in the 1 µ region, we used the mono-
chromatic magnitude data of Codc (1960). The abso-
lute filter photometry of Stebbins and Kron (1964)
was compared with Code's data; he two agree
almost perfectly at all six points of the Six-Color
Photometry, inch-ding the I point. (This agreement
of the two measured absolute calibrations implies
that Oke's [19641 calibration, which depends upon
a model-atmosphere computation for a Lyr, should
TABLE 3
THE EFFECTR'E WAVELENGTHS
FILTER PI.NI:	 ap	 FILTER BAND
U 0.36 µ K 2.211
B C.44 L 3.4
V 0.55 M 5.0
R 0.70 N 10.2
1 0.90 O 11.5
J 1.25 P 13.1
TABLE 4
THE APPARENT MAGNITUDE OF THE SUN
SOURCE v P.G.
Stebbins and Kre.a (1957 ., -26.73 x:0.03
Gallouet (1964) -26::0 ±0.01
Kariagina (1955) -26.83 ±0.06
Nikinov (1949) -26.81 ±0.07
Willstrop (1960) -26.77 :-0.08
Cade ( 1960) -26.7, ±0.05
Weighted Mean -26.74 ±0.01
be corrected to agree with Code's data.) The cali-
bration of the Arizona Photometry from Code's
data agrees with that from the solar-energy curve
within a few percent for all five bands, U, B, V, R,
and I. Thus, Stebbins and Kron's measured I for the
Sun is confirmed. The resultant absolute calibration,
which below 1 IL is the mean of the two calibrations,
is given in Table 5.
TABLE 5
THE ABSOLUTE CALIBRATION OF THE ARIZONA PHOTOMETRY
Absolute Flux Density ( mag - 0.00)
FILTER BANG	 .Xp	 wATTSXM=,'µ	 WATTs,,M:!. HZ
U 0.36A 4.35 x 10 -" 1.88 x 10-'
B 0.44 7.20 x 10 -" 4.44 x 10-'
V 0.55 3.92 x 10 -" 3.81 x 10-x'
R 0.70 1.76 x 10 - " 3.01 x 10-'
I 0.90 8.3	 x 10 - " 2.43 x 10'
J 1.25 3.4	 x 10 -" 1.77 x 10-"
K 2-2 3.9	 x 10 - " 6.3	 x 10-'
L 3.4 8.1	 x 10 - " 3.1	 x 10-"
M 5.0 2.2	 x 10'-" 1.8
	
x 10-'
N 10.2 1.23 x 10 - " 4.3 	x 10-'
For the wavelengths longer than 1 14, the abso-
lute calibration depends upon the derived colors of
the Sun listed in Table 2. Since we have not actually
observed the Sun, but only stars which were found
by Stebbins and Kron (1957) and Kron (1963) to
be like the Sun, it is essential to check to see whether
our calibration for the longer wavelengths is reason-
able. It should be mentioned a gain that we gave used.
in addition to the observations of Stebbins and Kron,
the fact that the Sun's spectral type is G,'_V; it is,
in fact, Morgan's (Morgan and Hiltner 1965) G2V
standard. The spectral-energy- distribution of the
Sun is known, of course; its brightness temperature
in the region of the V filter is about 5900-K, and
drops to around 5000'K at 10 µ. Therefore, a
5800"K black body approximates the Sun, being a
little brighter than the Sun at the longer wavelengths.
Oke ( 1964) used a model-atmosphere computa-
tion for a Lyr (T, - 9500°K) with fair success; in
fact, he bases his absolute calibration entirely on
this computation. The zero points of our magnitude
scales have been set so that, for an average AOV
star, all magnitudes are the same (all color indices
are zero). Therefore, let us assume that an AOV star
behaves like the Sun - that .s spectral-energy dis-
tribution approximates a black body of the star's
effective temperature, but that the star is fainter at
the longer wavelengths than the black body. Such
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behavior is expected on theoretical grounds (Under-
hill 1964; Gingerich et al. 1965).
We approximated the AOV star with a 10,000°K
black body and normalized the black body to Code's
data at 1.0 µ. We used a 10,000°K black body,
instead of 9_500°K, to compensate partially for the
drop in brightness temperature at the long wave-
lengths. The resulting calibration is given in the sec-
ond column of Table 6, and the solar calibration of
Table 5, in the third column. The last column gives
the ratio of the solar calibration of Table 5 to the
10,000°K black body calibration. These ratios are
just about what we expected to find; the scatter may
be due to errors in the calibration process or to
unevenness in the solar spectral-energy distribution.
TABLE 6
CALIBRATION CHECKS
---- - - I0.000°K
	
SOUR	 SOLAR
FILTER BAND	 BLACK BODY	 CALIBRATION	 BLACK BODY
J	 3.70 x 10 - " 3.40 x 10 -1" 0.92
K	 4.96x 10 - " 3.90 x 10 - " 0.79
L	 9.74 x 10 -` 8.1	 x 10 -" 0.83
M	 1.11 x 10 - '= 2.2	 x 10- 12 0.99
N	 1.39 x 10 - " 1.23 x 10 -" 0.88
Another check of the quality of our calibration
was obtained by comparisen with the stellar-model
computations of Strom and Avrett (1964). They
computed the em°rgent fluxes for 10,000°K stellar
models; this temperature is almost exactly that
which we believe to be the effective temperature
of AOV stars. The comparison with our solar cali-
bration is shown iii Table 7, in which the second
column gives a calibration derived from the compu-
tations of Strom and Avrett (their Model 3) on the
assumption that V = 0.00. The solar calibration
from Table 5 is given in the third column, and the
ratios in the last column. The agreement is quite
satisfactory out to the long-wavelength limit of the
computations, thus confirming our calibration out
TABLE 7
CALIBRATION CHECKS
10,000'K
	
SOLAR	 SOLAR
FILTER BAND STELLAR MODEL	 CALIBRATION	 MODEL
-V --- 3.92 x 10 - ' 3.92 x 10 - ° 1.00
R 1.79 x 10 - ' 1.84 x 10 - ' 1.03
1 0.99x10-' 0.90x10-' 0.91
J 3.20 x 10 - "' 3.40x 10 - ` 1.06
K 4.29 x 10 - " 3.90 x 10 -11 0.91
L 8.42 x 10 -" 8.1	 x 10 - " 0.96
to 3.4 1A (magnitude Q. This confirmation could
also be interpreted as indicating an effective tempera
tune of 10,000°K for AOV stars.
The indications are that our calibration pro-
cedure has led to results that are good to -±-10 per-
crnt, or better, over the range of wavelength 0.36 µ
to 3.4 µ. For the longer wavelengths, we depend
upon the solar calibration (using derived solar col-
ors) and the black-body check of Table 6. A further
check on the long-wavelength calibration was made
using the known fact (Low 1965) that the gennanium
bolometer we are using for these wavelengths has
un form response from 1.8 µ to more than 20 µ.
Thus, the relative responses of the bolometer, used
with the K, L, M, and N filters (taking into account
the filter and atmospheric transmissions and the
stellar-energy distributions), should be in accord
with the solar calibration, if it is correct. We have
performed this check, using the K, M, and N filters
on several stars, with the result that the ratios of the
K, M, and N calibrations (Table 5) arc confirmed
to a few percent. Since the calibration of the K mag-
nitude seems to be good, this check has provided an
effective confirmation of the M and N calibi ations.
An independent procedure for calibration of the
N band (10.2 µ) would be to use the flux value of
2.0 x 10-1' erg/s/cm2/A for an N = 0.00 star,
derived from the measures of Wildey and Murray
(1964). This flux is about 1.7 times that in Table
5. However, in a recent communication, Wildey
(1965) stated that their absolute calibration has been
revised and that it now agrees with our solar N-mag-
nitude calibration "within a few percent."
7. Conclusion
It is emphasized that the derivation of this cali-
bration of the Arizona Photometry has proceeded
in three parts of differing precision. The first part
cons i sted of the calibration of the UBVRI bands
from comparisons with the absolute photometry of
Code, and of Stebbins and Kron. This part seems
quite solidly based and is unlikely to change much
in the future. The second part consisted of the cali-
bration of the JKL bands from observed absolute
solar fluxes, and solar colors obtained from obser-
vations of nine stars compared directly with the Sun
by Stebbins and Kron. This part of the calibration
has lower weight than the first, but the checks indi-
cate that it is unlikely to be in error by more than
10 percent. The last part, the calibration of the M
and N bands, is similar in procedure to the second,
but the results are less certain because the V -M
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and V — N colors for the Sun had to be inferred from
stars which have not been compared directly with
the Sun. In other words, we depended in this part
upon the assumption that the solar spectral-energy
distribution in the long wavelengths is essentially the
same as those of other stars of similar temperature
and spectral type. However, the check using the
known uniform response of the germanium bolom-
eter confirmed the solar-based calibration, as did
the revised Mount Wilson—Palomar calibration re-
ported by Wildey (1965).
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ABSTRACT
Multicolor photometry, over the range of wavelength from 0.35 µ in the ultraviolet to nearly 10 µ in the infrared, has
been interpreted in terms of interstellar extinction. The value of R = A^IEa—r has been found to vary from 3.0 to more than
6. In addition to the high value that had previously been found for the Orion Nebula region, values of R in the neighborhood
of 6 have been found for regions in Cepheus and Ara, and for the cluster NGC 2244. These variations in R plainly have seri-
ous implications regarding the distance scale and the structure of the Galaxy.
1. Introduction
O
ne of the products of the multicolor photo-
metric programs (Johnson and Mitchell 1962;
Low and Johnson 1964; Johnson 1964) now under
way at the University of Arizona has been additional
and more accurate data concerning the law of inter-
stellar extinction, especially for the infrared region
of the spectrum. Earlier work by Stebbins and Whit-
ford (1943, 1945) and Whitford (1948, 1958) has
outlined the procedure for using multicolor photom-
et: y in the investigation of interstellar extinction,
and has provided prcliminary determinations of the
law of extinction in certain regions of the sky. More
recent investigations by Hallam (1959) and by John-
son and Borgman (1963) have indicated that the
law of interstellar extinction is not everywhere the
same; most recently (Johnson 1965), I have reported
upon a very large deviation from the "normal" law
in the direction of Cepheus. It is, however, evident
that some investigators (Divan 1954; Rozis-Saulgeot
1956) are not in complete agreement regarding the
existence of these local variations. In this publicati.,n
I report the results of a more thorough investigation
of this matter.
*Reprinted from The Astrophysical Journal, Vol. 141,
No. 3, April 1, 1965, with permission. Copyright 1965 by the
University of Chicago.
Most work on interstellar extinction has used
multicolor photometry or spectrophotometry of un-
reddened and reddened stars as the basic observa-
tional material. Interpretations have been made by
comparing the colors of unreddened and reddened
stars of essentially the same spectral types, assum-
ing that the differences in color are due to interstellar
extinction. This procedure requires extrapolation to
infinite wavelength (cf. Whitford 1948, 1958) for
the determination of the absolute extinction. It is
possible, however, to make a direct determination
of the value of R — A t,/EB _v for distant clusters
across which the reddening and extinction are vari-
able. Two-color photometry on the BV system is
required. This procedure has been applied by John-
son and Hiltner (19566), Whitford (1958), Houck
(1956), and others. Application of the data available
at that time yielded a value of R 3 fo: a few regions
of the sky.
2. Application of the Variable-Extinction Method
Since Whitford's (1958) paper, additional data
usable for analysis by the variable-extinction method
have become available. A more accurate determina-
tion of the absolute magnitudes corresponding to the
spectral classifications on the MK system has been
79
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made by Blaauw (1963). The combination of pho-
tometric and spectroscopic data for several regions
of the sky leads to interesting new results.
Our first application of the variable-extinction
method is made for the region of the Double Cluster,
h and X Persei. The photometric and spectroscopic
data have been published by Johnson and Morgan
(1955) and Johnson and Hiltner (1956a). For this
analysis, we compute the apparent distance moduli,
V — Nf,., from the observed V-magnitudes and the
spectroscopic absolute visual magnitudeF of Blaauw
(1963). We also compute the color excesses, EB_I^,
from the observed values of B — V and the intrinsic
colors tabulated by Johnson (1963). From these data
Figure 1 is constructed. A distinct correlation be-
tween apparent distance modulus and color excess
0	 .2	 .4	 .6	 .8	 1.0	 1.2
E B-V
Fig. I V— M,. versus Ea—.- for the Double Cluster, h and
X Persei. The crosses designate mean values of V — M, for
equal intervals of Ea
is evident in this figure and the line represents R =
3.0, in agreement with earlier determinations (John-
son and Hiltner !956b; Whitford 1958) from the
same observational matei-:z!.
Other regions where application of the variable-
extinction method can be made are III Cep (Blaauw,
Hiltner, and Johnson 1959) and I Ara (Whiteoak
1963). The diagrams for these two regions, con-
structed in exactly the same manner as Figure 1, are
hown in Figures 2 and 3.
In some cases, for which MK spectral types art
not available but where identification of an "un-
evolved" cluster main sequence is possible, we can
use three-color UBV photometry for the derivation
of intrinsic colors and (assuming all stars to lie on
the zero-age main sequence) absolute visual magni-
tudes. Figures 4, 5, and 6 show diagrams constructed
from such data for the Belt and Sword regions of
Orion (Sharpless 1952, 1954, 1962) and the cluster
NGC 2244 (Johnson 1962c). The intrinsic-color
determinations follow Johnson (1958, 1963) and
the zero-age main sequence is that of Johnson
(1963). Construction of Figures 1-6 is dependent
upon the assumption that the stars in the cluster or
association are all at the same distance from the
Earth.
From the diagrams of Figures 1-6, we derive
the values of R = A,IEB_v that are listed it Table
1. The value for the Double Cluster is the "normal"
TABLE 1
R FROM THE VARIABLE-EXTINCTION METHOD
REGION	 R — A./Ea—o
Double Cluster ------------------------------ 3.0
III Cep	
------------------------------------------
5.4
1	 Ara	
--------------------------------------------
6.6
Orion (Belt region) ------------_------- 4.8
Orion (Sword region) .................. 5.7
NGC
	
2244
	 ------------------------------------ 6.0
value of 3. The value of R (5.7) for the Orion Sword
region is in excellent agreement with that (6) found
earlier by Sharpless (1952), who >>sed MK spectral
types and BV photometry. These redeterminations
have not modified earlier results for these regions.
The determinations for the other four regions are
new, and all yield values of R greater than 3. In this
connection, we note that Borgman and Blaauw
(1964) have remarked that their analysis of Borg-
man's seven-color photometry indicates a value of
2 .4 .6 .8 1.0 1.2 L•	 1.i
E IB-V
Fig. 2 V — M. versus Ea—r for the association, ill Cep.
The crosses designate mean values of V — M. for equal in-
tervals of E,—o.
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R for III Cep much greater than the "normal" cne.
Houck (1956) obtained R = 3.0 for the I Cru asso-
ciation.
The interpretation of the I Ara association that
is made here differs from that of Whiteoak (1963),
who assumed R = 3.0 and found that the stars of
the association are spread out over several thousand
parsecs in the line of sight. Titus, the assumption
that R = 3.0 for the Ara region resulted in the inter-
pretation that the stars are distributed in a long, thin
"cigar" pointed at the Earth; it seems to me that the
interpretation of Figure 3, which assumes that the
stars ?re all at essentially the same distance from the
Earth, is preferable.
There is evidence (Hallam 1959; Sharpless 1962,
1963; Johnson and Borgman 1963) that R varies
with distance from, and is largest in the immediate
vicinity of, the Orion Trapesium. The stars plotted
in Figure 5 lie at various distances from the Tra-
pesium and none is a member of the Trapesium or
is in its immediate vicinity; thus, we expect that the
value of R for the Trapesium and its immediate
vicinity is greater than that from Figure 5. A similar
argument can probably be made for the Orion Belt
region, Figure 4.
3. Application of the Color-Difference Method
Most of the values of R listed in -Table 1 are
larger than 3.0, the number which has usually been
6
8
	 t ^
V- My
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0	 .2	 4	 b	 .8	 1.0
E B-V
Fig. 4 V — M, versus Cs—v for the Orion Belt region.
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E B-V
Fig. 3 V— M. versus Es-v for the association, I Ara. The
crosses designate mean values of V — M. for equal intervals
Of Es—v.
Fig. 5 V — M, versus Es—r for the Orion Sword region.
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Fig. 6 V — M. versus Es—v for the cluster, NGC 2244.
The crosses designate mean values of V — M. equal in-
tervals of Es—r.
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accepted as "normal." For all of these regions, except
I Ara, we now have multicolor data which can be
used to investigate the interstellar extinction by the
color-difference method. The relevant data that have
so far been collected in our photometric programs
are listed in Table 2, the columns of which contain
(1) the number of the star in the table; (2) the Henry
Draper Catalogue number; (3) the constellation
name, if any; if none, the number in the Bright Star
Catalogue; (4) the MK spectral type; the remaining
columns give the photometric data on the system
defined by Johnson (1964).
The data in Table 2, plus data published by John-
son (1964) and other data now being prepared for
publication, have been used to derive the intrinsic
colors listed in Table 3. The procedures used in this
derivation are essentially similar to those of John-
son and Borgman (1963) and Johnson (1964); where
the new results differ from the earlier ones, the data
of Table 3 are preferable.
We now select stars from Table 2 and compute
the color excesses, using the intrinsic colors from
Table 3. The results of these computations for thirty-
eight stars are given in Table 4; the stars are grouped
to provide "Regional Means." The columns of Table
4 contain (1) the region of the sky; (2) the approxi-
mate mean galactic longitude of the region (new sys-
tem; Blaauw, Gum, Pawsey, and Westerhout 1960);
(3) the number of stars in the mean; the remaining
columns give the color-excess ratios (the color ex-
cess normalized to E B _ r = 1.00) . The intrinsic col-
ors of Table 3 are sufficient for these computations,
except for two stars, Nos. 89 (µ Cep) and 96 (BS
8752). They are the only stars used whose spectral
types are later than A2. For No. 89, the comparison
star is the mean of Nos. 49 (a Ori), 68 (a Sco, ex-
cluding U—V), and 75 (S"- Lyr); for No. 96, the in-
trinsic colors from Johnson (1964, Table 4). No. 96
— BS 8752 is fainter and redder than it was in 1951
(Johnson and Morgan 1953), suggesting that its spec-
tral type may now be later than GO lb; accordingly,
we use G2 I as the comparison type. Other intrinsic-
color data could perhaps be used legitimately for
these two stars, but the shapes of the derived ex-
tinction curves are essentially independent of, such
choices, over a rather wide range.
Data are included in Table 4 for three regions,
Sco-Oph, Vulpecula, and Cygnus, for which variable-
extinction determinations are not listed in Table 1.
Johnson and Hiltner (1956b) found, however, that
the value of R in Cygnus cannot be large compared
to 3, by an approximate application of the variable-
extinction method to the region of Cygnus.
Examination cf the data in Table 4 shows that
the extinction in the two Perseus regions is essen-
tially the same. In the Sco-Oph, Vulpecula, and
Cygnus regions the extinction is, likewise. essentially
the same, although different from that in Perseus.
Accordingly, we combine these data into two re-
gions, called "Perseus" and "Cygnus."
Combinations of the data of Tables 1 and 4,
plotted in the Whitford manner, are shown in Fig-
ures 7-11. It is plain from these diagrams that the
values of R = A„/EB —v obtained from extrapolation
of the color-difference data to 1 A = 0 are in excel-
lent agreement with the values of R obtained for the
same regions by the variable-extinction method. The
only significant exception is for the Orion Sword
region ( Fig. 10) , where the value of R obtained
from the extrapolation of the photometric data is
about 8, compared with 6 obtained from the variable-
extinction method. However, both determinations
are relatively weak and, furthermore, as discussed
above, there is reason to suppose that the true value
of R for the Trapesium region (to which the photo-
metric data apply) is greater than 6. We conclude
that, within the accuracy of the data, the two methods
of determining R are in agreement for all cases where
the comparison has been made.
Many of the diagrams shown in Figures 7-11
indicate interstellar-extinction curves that differ
greatly from that which has often been considered
to be "normal," i.e., like the curve of Figure 7. The
abnormal character of the curve for the Orion Nebula
region was found earlier by Baade and Minkowski
(1937), Stebbins and Whitford (1945), Stebbins and
Kron (1956), and Hallam (1959). Hallam also
noticed a deviation for NGC 2244.
4. The Regional Extinction Curves
Since the curves of Figures 7—I1 have been
drawn to 1/a = 0 (except for the Orion Sword
region, Fig. 10), we invert them and compute the
actual interstellar-extinction curves for the several
regions. These data, normalized to A„ = 1.00 mag,
are tabulated in Table 5 and plotted in Figure 12.
In order to provide such data for the interesting
Cygnus region, for which many photometric data are
available, we extrapoiate the color-difference curve
to I A = 0, as indicated in Figure 13. This extrap-
olation accords with the tentative indication of R
by Johnson and Hiltner (1956b).
The large variations in the law of interstellar
extinction among the several celestial regions are
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o5-7
08-9
o9.5
BO
BO-5
B1
B2
B3
B5
B6
B7
B8
B9
AO
- .32 - .15 - .43 - .73 - .94
- .31 - .15 - .43 - .73 - .94
- .30 - .14 - .42 - .73 - .94
- .30 - .13 - .41 - .70 - .93
- .28 - .12 - .39 - .66 - .90
-.26 -.n -.36 -.62 -.83
- .24 - .10 - .32 - .53 - .71
- .20 - .08 - .27
- .44 - .59
- .16 - .o6 - .22 - .36
- .47
- .14 - .06 - .19 - .31 - .41
- .12 - .05 - .17 - .27
- .35
- .09 - .03 - .12 - .18 - .24
- .06 - .02 - .07 - .09 - .12
.00 .00 - .02 - .02 .00
-1.46
-1.44
-i.4o
-1.38
-1.29
-1.19
-1.10
- .91
- .72
- .63
- .54
- .39
- .25
.00
.92
- .92
- .92
- .91
- .88
- .81
- .69
- .57
- .45
- .35
- .33
.22
- _?o
+ .02
yr•
TABLE 3
The Intrinsic Colors of Early .-;Type Stars
Diminosity Classes III, IV and V
SP
	
U-V
	
B-V	 V-R	 V-I
	
V-J
	
V-K
	 V-L
Luminosity Classes Ia and Ib
08-9
o9.5
30
B0.5
B1
32
B3
B5
B6
B7
B8
B9
AO
Al
A2
Ia Ib
-1.41 -1.41 - .29
- .15 - .43 - .73 - .94 - .92
-1.37 -1.36 - .27 - .13 - .42 - .68 - .86 - .84
-1.31 -1.29 - .24 - .11 - .36 - .59 - .77 - .75
-1.26 -1.23 - .22 - .09 - .30 - .50 - .66 - .64
-1.19 -1.15 - .19 - .07 - .25 - .45 - .58 - .56
-1.13 -1.08 - .17 - A - .18 - .34 - .42 - .40
-1.OQ - .95 - .13 - .Ol - .12 - .25 - .31 - .29
- .87 - .81 - .09 + .01 - .06 - .18 - .20 - .18
-.80 -.74 -.07 +.01 -.03 .,-.14 -.16 -.7.4
- .73 - ^67 - .05 + .02 - .01 - .11 - .10 - .08
- .62 - .55 - .UL + .03 + .02 - .06 - .03 - .01
-	 56 - .48 .00 + .04 + .05 - .ol + ,o4 + .06
- .47 - .41 .01 + xr + .08 +	 .01. + .11 + .13
- .35 ----- + .03 + .06 + .11 + .C7 ' + .17 + .19
- .23 ----- + .05 + .07 + .14 + .12 + .22 + .24
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Fig. 7 The interstellar-extinction curve for the Perseus
region. The spots designate data from the color-difference
method: the spot within a circle, the value of R from '.he
variable-extinction method.
again evident. The curve for Perseus (No. 1) appears
to be quite similar to those computed by van de
Hulst (1949), but those for NGC 2244 (No. 3) and
Cepheus (No. 5) obviously are quite different from
the theoretical curves. A cursory inspectien of curves
Nos. 3 and 5 (Fig. 12) suggests, 1 vwever, that they
might be caused by interstellar particles having a
bimodal size distribution, with peaks near 0.3 and
3 µ.
5. Special Objects
Our discussion so far has been concerned with
the mean characteristics of the interstellar extinction
in several regions of the sky. There are stars listed in
Table 2, however, whose observed colors are such
as to merit individual comment. The follow;ng stars
have been selected from Table 2.
No. 3, p Per. Sp. B2pe. — If we assume that the
observed colors of this star differ from a normal B2
V star because of interstellar reddening, the color-
excess ratios in Table 6 are found. On this assump-
tion, the extrapolated value of R `or this star is
greater than 16. The peculiar extinction curve for w
Per was also noticed by Stebbins and Kron (1956).
No. 31, t Aur. Sp. K3 IL—This star exhibits
an excess in magnitude N, much like that which we
Fig. 8 The interstellar-extinction curve for 'he Cepheus
region. The spots designate data from the color-difference
method; the spot within a circle, the value of R ftom the
variable-extinction method.
Fi.. 9 The interstellar-extinction curve for the Orion Belt
Legion. The spots designate data from the color-difference
method; the spot within a circle, the value of R trom the
variable-extinction method.
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Fig. 10 The interstellar-extinction curve for the Orion Sword
	 Fig. 12 The regional extinction curves. The data have been
region. The spots designate data from the color-difference
	 normalized to A. = 1.00 mag. The regions are identified as
method: the spot within a circle, the value of R from the
	 follows: (1) Perseus. (2) Orion Belt. (3) NGC 2244. (4)
variable-extinction method.	 Cygnus, (5) Cepheus.
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Fig. 11 The interstellar-extinction curve for the cluster,
	
Fig. 13 The interstellar-extinction curve for the Cygnus
NGC 2244. The spots designate data from the color-differ- 	 region. The color-difference curve, extrapolated to I!x = 0,
ence method; the spot within a circle, the value of R from	 indicates a value of R	 3.5.
the variable-extinction method.
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"CABLE 4
REGIONAL MEAN EXTINCTION DATA
(Normalized to Es-r - 1.00)
No. OF E,•-r EB-v Er -B Er-, E,•-, Er-a Ev -L 	Er-,r	 Ev -Ar
REGION 1'I STARS En- v Ea-r EB-r E, -v Ea-r E,-v EB- r 	EB-r	 Ea-r
Double Cluster..... 134° 9 1.72 1.00 0.93 1.71 2.21 2.66 2.84	 ................................
11 Persei ................ 160° 4 1.68 1.00 0.81 1.69 2.38 2.86 2.88	 ... .......................... .-.
Orion Belt ............. 20 -, ' 1 1.82 1.00 1.13 2.26 3.23 4.19 4.66	 ................................
Orion Sword......... 209° 3 1.74 1.00 1.26 2.58 3.53 4.96 6.87	 ................................
NGC 2244............ 206° 3 1.69 1.00 0.82 1.67 2.42 3.21 4.03	 ................................
Sco-Oph ................ 10' 5 1.71 1.00 0.86 1.68 2.39 2.99 3.13	 ................................
Vulpecula ............. 55° 2 1.71 1.00 0.84 1.63 2.20 2.80 3.21	 ....... .......... ...............
Cygnus... ............... `0° 6 1.81 1.00 0.87 1.63 2.27 2.81 3.It1	 ..
Cepheus ................ 104° 5 1.84 1.00 0.85 1.60 1.98 2.37 2.69	 2.89	 4.75
TABLE 5
REGIONAL MEAN EXTINCTION DATA
(Normalized to A. - 1.00 mag)
--
REGION
No. OF
STARS ii B V R I 1 K L	 M	 N
Perseus ................. 13 1.57 1.33 1.00 0.70 0.43 0.24 0.09 0.05	
------• --•----------------------
Orion Belt------- .--- 1 1.35 1.19 :.W_ 0.78 0.57 0.38 0.20 0.11	 --------------------------------
NGC 2244..--........ 3 1.28 1.17 1.00 0.86 0.72 0.60 0.47 0.33	 -------- -----------------------
Cvgm:s .................. 6 1.52 1.29 1.00 0.75 0.53 0.35 0.20 0.11	 ................................
Cepheus ................ 5 1.34 1.1 8 1.00 0.84 0.70 0.63 0.56 0.50 	0.46	 0.12
el
found for IL Cep. If we assume that the color excesses
of t Aur are due entirely to interstellar reddening;
we obtain the color-excess ratios in Table 6. The star
is little reddened (E„-,- = 0.21 mag) and the ratios
are, therefore, not very precise; nevertheless, they
differ relatively little from the Perseus data of Table
4. Out to magnitude L, the reddening is essentially
the same as for other stars nearby in the sky.
The apparent existence of sinuous extinction curves
(Figs. 8 and 11) does embolden us to suggest that
L Aur may be another such case. But, we hasten to
point out that such interpretations imply the exis-
tence of a significant amount of neutral extinction,
caused perhaps by particles 3-5 µ in diameter.
No. 57, a Leo. Sp. B7 V. - According to the
published data of Wildey and Murray (1964), this
star is much too bright at N to be compatible with
the shorter-wavelength data. Our re-observation of
a Leo, the results of which are listed in Table 2, cop-
firms the existence of the excess N radiation, and we
found also a smaller excess at M. The excess N
radiation has been interpreted by Ney and Gould
(1964) as Ne' radiation at 12.8 1A, emitted by a cir-
cumstellar envelope. However, recent observations
by Low ( 1964), using a narrow-band filter centered
at 12.8 µ, show that the excess radiation is not pres-
ent in the 12.3-IL region, but that it appears in the
shorter-wavelength part of the N band.
It presumably is possible to interpret the excess
radiation at M and N in terms of a very cool com-
panion to a Leo; however, the fact that there is no
excess observed at L and little at M implies that this
companion must have a black-body temperature of
only 300' K or so. Another possible interpretation
is in terms of interstellar extinction. Since a Leo is
not significantly reddened in visible wavelengths,
this interpretation requires the existence of visually
neutral extinction in this region of high galactic lati-
tude. It is by no means certain that we should inter-
pret the data for t Aur and a Leo in terms of neutral
TABLE 6
SPECIAL OBJECTS
Er_v
	
EB-;• Er-B Er-r F,r-, Ev-e Er-L Er-m	 Ev-.
NO.	 NANtE	 Ea-r	 Ea- r E.-r ED-v Es-v EB-v EB-v ED-v	 ER-v
3 ..........	 p	 Per	 ..................	 1.00 1.35 2.55 3.75 7.05 9.40 15.6	 ..................
31.	 ......... _	 i Aur
	 2.1 0 	1.00 0.57 1.57 1. 81 2 .52 2.76 2.86	 5.6
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extinction, but such interpretation is consistent with
our earlier findings for Cepheus and NGC 2244. It
also accords with Arp (1962) showing that the
extinction according to the cosecant law, determined
from counts of galaxies, is too great to be compatible
with the very small reddening that has been found
for high galactic- l atite0e stars.
6. Summary
The combination of interstellar-extinction deter-
minations from two independent methods—the
variable-extinction method and the color-difference
method — has resulted in dramatic confirmation of
the non= `normal" extinction curves that had earlier
been found for Cepheus and the Orion Nebula
(Sword) region. It has also confirmed the reasonable
supposition that extrapolation o! the color-differ-
ence data to infinite wavelength (I /x — 0) provides
correct values of R. On the other hand, the curves
for Cepheus and NGC 2244 show plainly that it is
not possible to determine by the color-difference
method the amount of extinction, from observations
extending into the infrared only to 2.2 µ (magnitude
K). Observations at considerably longer wavelengths
are necessary for meaningful extrapolations. The
existence of sinuous extinction curves such as those
of Figures 8 and 11 may be inferred from observa-
tions out to 3.5 µ (magnitude L), but the exact ex-
trapolation to 1/A — 0 from such observations re-
mains quite uncertain.
If the interpretations presented in this paper are
valid, it is plain that general application of the
"normal" value of R = 3.0 can no longer be justi-
fied. From the evidence so far available, it appears
that R — 3.0 may be the minimum value; if so,
blanket application of this value results in a serious
systematic error in the scale of our Galaxy. It also,
because of the variation of R around the galactic
plane, distorts the true galactic spiral structure.
Much further work will be necessary before we will
be able to resolve these questions.
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APPENDIX
The Photometer Response Functions
The photometer response functions for the ten
filter bands are given here in Tables A 1, A2, and
A3. The approximate effective wavelengths, for
equal energy per unit wavelength, are given in Table
A4.
Except for the U filter, these response functions
include no corrections for atmospheric extinction,
although such corrections are necessary for some
of the bands. The R and 1 response functions include
the reflectivity of two aluminized mirrors; no other
response functions contain this correction, because
the reflectivity of aluminum is essentially constant
over the spectral regions of all filters except R and 1.
All response functions have been normalized to a
peak response of unity and th-cy should be used only
for the computation of effective wavelengths; etc.
Direct absolute comparison of one filter with another
is not possible with these data.
Observa!ions have been made with two L re-
sponse functions, L I and LII . LI applies only to the
first L measures, using an InSb detector (Johnson
1962a, 1964); LII applies to all current work, for
which the detector is a PbS cell. The difference be-
tween the two bands is insignificant for stellar pho-
tometry. Unfortunately, the situation with regard to
the UBV filers is somewhat ambiguous (Johnson
1962b), and caution in using the data for the U filter,
especially, is advisable.
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Table A-1
The U. B, V, R, I Response Ametions
U	 B	 V	 R
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No. 58 INFRARED OBSERVATIONS OF THE NEUGEBAUER-MAP : A-LEIGHTON
"INFRARED STAR" IN CYGNUS *
by HAROLD L. JOHNSON, FRANK J. Low, AND DAVID STEINMETZ
June 17, 1965
T
he discovery of several "infrared stars" has been
announced by Neugebauer, Martz, and Leighton
(1965). They have published finding charts for two
of these objects, one in Cygnus and the other in Tau-
rus. We have observed the Cygnus object, with the
results given in Table 1. The data are on the photo-
metric systems defined by Johnson (1964) and Low
and Johnson (1964). The object is very bright in the
infrared, brighter than a Orionis at magnitude N,
even though it cannot be seen in the 200-inch tele-
scope (Neugebauer et al. 1965).
The unweighted means have been taken, except
that the K-data for JD 2438889.969 and 94.937
were excluded from the K-mean. If they had been
included, we would have obtained. K = +0.50.
Taken at face value, these data indicate that the
object was fairly constant in brightness during the
time of our observations, except for a 5-day decrease
in brightness followed by a return to the former
value; during this variation, the colors of the object
remained essentially constant over the range of wave-
length from 1.25 to 10.2 µ. We are continuing obser-
vations to see whether additional brightness varia-
tions will occur.
The absolute flux densities, computed by means
of our absolute calibration (Johnson 1965), are given
in Table 2. We have also included an approximate
*Reprinted from The Astrophysical Journal, Vol. 142,
No. 2, August 15, 1965, with permission. Copyright 1965 by
the University of Chicago.
value for magnitude Q (20 µ), which was measured
on the last two nights of observations. The unpub-
lished calibration of the 20 -11 measures is more un-
certain than those for the other wavelengths, but the
value in Table 2 is probably not in error by as much
as a factor of 2. The spectrum of the Cygnus object,
TABLE I
OBSERVATIONAL DATA
JD K J -K K-L K-M K-N
2438874.988 ....................0.35 4.17 2.16 -
76.972 .................... 0.51 4.44 2.41 - --
76.985 ..................... 0.36 4.26 2.14 - -
78.004 .....................0.36 4.28 2.32
82.919-- ................. 0.31 3.84
38.976 .....................0.42 4.32 -
89.969 ..................... 0.79 4.08 2.46 - -
94.937 ..................... 1.10 3.78 5.86
95.979 ............. . . ......0.38 - 3.92 5.68
---
Mean------. ---- - .........0. 38 4.26 2.30 3. 85 5.77
TABLE 2
-----
ABSOLUTE FLUX
---
DENSITIES
FILTER MAG (k10 -1F
r'W
/CIT12µ)
-	
J ........................ +4.64 1.25 4.75K ........ ................ .: WAR 2.2 27.5
L ........................ -1.92 3.4 47.6
M -- -----------	 --------- -3.47 5.0 53.9N ........................ -5.39 10.2 17.6
Q ........................ 20 6
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over the range of wavelength from 1.25 to 20 µ, is
shown in Figure 1. We have fitted a 700° K black-
body curve to the observed points, as indicated in
Figure 1; we adopted for the present pu.poses an
effective temperature of 700° K, although there is
evidence that the object radiates more strongly at
both short and long wavelengths than does the black
body. The angular diameter of the /abject, computed
from the absolute flux data and tite adopted tempera-
ture, is 0"20. This number is quite uncertain, but it
60 u0`5
is, nevertheless, very large for a stellar apparent
diameter; the apparent diameter of a Orionis
(Michelson and Pease 1921) is about 0'.'040.
Acknowledgments. This research has been sup-
ported in part by the National Science Foundation.
We are indebted to Dr, E. E. Mendoza V. for making
two of the JKL observations.
11 ,te added in reprinting. The observations re-
ported here were made with the 28-inci: telescope
at the Catalina Station of the Lunar and Planetary
Laboratory.
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No. 56 OBSERVATIONS OF "INFRARED STARS "*
by HAROLD L. JOHNSON, EUGF.NIO E. MENDOZA V., AND WIESLAW Z. WISNIEWSKI$
September 10, 1965
ABSTRACT
We have made photometric observations of the Neugebauer-Maltz-Leighton Cygnus object, seven new very red stars
found by Hato and Chavira, and four red stars found nearly thirty years ago by Hetzler. Haro and Chavira, and Hetzler,
used photographic techniques to discover their stars.
The effective temperatures of these objects have been !stimated to range from 1900°K to 1400°K for the Haro-Chavira
stars, and from 1950°K to 1550°K for the Hetzler stars. The temperature of the Neugebauer-Martz-Leighton Cygnus object
is quite uncertain, but is probably about 1000°K. The spectral-energy curves resemble ratner closely those of warmer M-type
giants, but are very different from those of carbon stars of similar temperatures.
Preliminary results of the Haro-Chavira survey indicate that the very red stars are restricted to the general region of the
Milky Way; this implies that they are distant objects and very luminous.
By permission of the discoverers, we reproduce here finding charts fcr the seven Haro-Chavira objects (Figs. 3 and 4).
T
he recent discovery by Neugebauer, Martz, and
Leighton (1965) of several "infrared stars," and
the results of photometry from 1 to 20 microns
(Johnson, Low, and Steinmetz 1965), prompted
Haro and Johnson to ask whether similar stars might
not be found by photographic observations in the
R and I bands. If so, the discovery of infrared stars
would be feasible with existing Schmidt telescopes.
As a matter of face, a photographic survey was car-
ried out by Hetzler ( 1937) ; lie identified several
very red stars —redder even than X Cyg at mini-
mum light.
As a test of the technique, Haro and Chavira
obtained with the Tonantzintla ( Mexico) Schmidt
telescope an R plate and an I plate, both centered
on the Neugebauer-Martz-Leighton Cygnus object.
They also obtained two similar plates of an adjoin-
ing field. The extremely cool infrared star appears
very brightly on the I plate and rather weakly on the
R plate; we would indeed have found the object
easily from these plates. Furthermore, Haro and
Chavira found seven more very red stars in these
regions, which together have an area of about 40
*Printed with permission of The Astrophysical Journal.
tNational Astronomical Observatory, University of Mexico.
#On leave from Cracow Ooservatory, Poland.
square degrees. However, none of these additional
red objects showed on the plates to be as red as the
one discovered by Neugebauer, et al.
We have obtained photometric data for these
objects over a very wide range in wavelength, with
the results given in Table 1. We have also observed
four objects identified by Hetzler (1937). The identi-
fication charts for the Haro-Chavira stars are givers at
the end of this paper ( Figs. 3 and 4) . Data for X Cyg,
near minimum light, and for T Lyr, one of the cool-
est carbon stars obu°erved by Mendoza and Johnson
(1965), are included for comparison. It is evident
that these are very red stars, some redder (and
cooler) than X Cyg at minimum light.
If we apply t!e effective temperature calibration
derived by Johnson (1964) to these stars, we obtain
the temperatures in the second column of Table 2.
The calibration is empirical and is based uoon obser-
vations of the 10 stars whose appare:. angular
diameters have been meast.tred; the effective tem-
peratures of the 10 calibration stars range front
10,000°K down to 2000°K. An interpolation for-
mula based upon the gradients of the stellar spectra
in the regions of the R, I, J, and K filters (0.7 µ to
2.2 u), and the differential behavior of black-body
curves with tempera±ure, was found to represent the
97
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O&JF(T	 B-K
Neagebauer-
Martz-
	
Leightor+ t C % g 1
	
18.26:
	
Haro-Chavira No. l	 -
	
0. 2	 17.54
"	 No.3	 -
"	 No 4	 -
"	 No.6	 -
"	 No 7	 -
	
No- 8	 -
TABLE 1
('Y.E CULORS OF THE INFRARED STARS
V-K	 R-K	 I-K	 J-K	 K-L	 K-M	 K-N	 K
6.57	 4.19	 -29	 3.85	 5.77	 0.38
5.34 2.87 0.78 0.83 -	 1.04
4.77 2.61 0.67 0.80 -	 1.06
430 2.19 0.66 - -	 4.06
3.99 2.33 - - -	 4.97
5.58 3-02 0.60 - -	 2.89
3.17 1.92 - - -	 6.15
4.73 2.60 0.40 0.70 -	 3.43
4.53 2.19 0.66 1.07 --	 1.48
3.71 1.99 0.55 - --	 3.87
3.93 2.06 0.42 - -	 2.60
3.30 1.62 0-40 0-54 -	 2.11
3.71 1-63 O.bo 0.85 1-66	 - L76
3.30 1.32 0.76 0-14 0-53	 0.23
	
16.22	 10.88
	
1 4.83	 9.09
	
13.10
	
8-12
8.22
7-27
9-17
6-91
7.75
Hetzler 1-1 1695 13.88 8.43
" 1-1 - - 7.53
"	 4-1 15.16 i2.!6 7.11
°	 4-2 13.14 10.84 6.54
X Cyg I min) tE- t 13.60 7.69
T Lvr 13.47 7.95 5.01
data saisfactorily. Of course, a considerable extrap-
olation of this calibration was necessary to obtain
the lowest temperature listed in Table 2. and the
preliminary estimate of 700-- K (Johnson, et al.
19651. versus 1 7-90 : K from Table 2, suggests that
the extrapolation may not be entirely satisfactory
for the coolest star. On the other hand, the tempera-
ture determination by Johnson, Low-, and Steinmetz
depends upon the approximate fitting of a black-
body cur ve to the observed points. with most of the
weight given to a superposition of the maxima of
the two curves. Thus, the 700` determination rests
primarily upon the fact that the wavelen gth for maxi-
mum flux is about -f µ. ( Such a procedure can pro-
duce temperatures lower than the effective tempera-
tures; for example, the effective temperature of an
AO V star is about 9^-0 1 ' - K. while the peak radia-
tion of the star occurs around 4200A. correspond-
ing [Wien -s lawl to a black-body temperature of
7000 K.) Both temperature determinations are quite
crude, and perhaps it is best to adopt T_ = 1000 K
for the coolest star. the one found b y Neugebauer.
Mari?, and Leighton. On this basis, a smaller cor-
rection, toward lower temperatures. may be needed
for some of the other stars listed in Table 2-
The spectral-energy curves for two of these
infrared stars. Haro-Chavira No. I and the '`euge-
bauer-Martz-Leighton Cygnus object, are shown in
Figure 1. The cures for X Cyg and R Hya ( data
fron! Mendoza and .Johnson 1965) are shown for
comparison. The cures were computed with the
aid of the absolute calibration derived b y Johnson
t 1965 ) and have been normalized to unity at the
maxima. The effective temperatures for the four
objects ptcite:d range from 2540'K for R Hya (Men-
dozy and Johnson 1965) to 1000-- K for the coolest
object; the curves are quite similar, with the princi-
pal differences among them due to the different effec-
tive temperatures.
It is of interest to compare the spectral-energy
curves of Figure I with those for three carbon stars.
T Lyr, U Cyg, and T Cnc; the latter are shown in
Figure 2 and were derived from the data of Mendoza
and Johnson ( 1 1965) . Comparison of the curves in
Figures 1 and 2 shows strikin g differences between
the energy distributions of the two kinds of stars.
In contrast to the curves of Fi gure 1. the carbon
stars exhibit wide, fiat maxima; their radiation out-
put is hi ih and approximatel y constant over nearly
a :actor of 3 in wavelength. On the short-wavelength
side. the cures for the carbr -i stars rise at about
the came wavelength as does that of R Hva. while
on the long-wavelength side, they fall at almost
TABLE 2
T-W TENTATIVE E FFECTIVE TE.LIPERATCRE
OF THE INFRARED STARS
--	 --OBJECT	 T.c=fi1
Neu gebauer-
Nt artz-
Leighton	 (Cyg)
	
....	 ..
	 ....	 .......	 ...._..........; 1290)
Haro-Chavira No.	 1	 ............................ 1480
No.	 2	 .........	 ..... -....	 1630
No.	 3	 ......	 -----	 --
- -----...
	 1600
No. 4	 .......... ..._... ...... ....	 1780
No.	 6	 ................... ......	 1.100
" No.7
No.	 8	 ............................ 1660
Hetzler 1-1	 ....
---	 ---	 -	 ........................
1550
!-2
.............
1850
4
-1	 ............. ...	 ........._	 . _....	 1 790
4
-2	 .................
	 ...	 -
....	 1450
X Cv g ( min)
- --	 --	 --....__............ .........	
1680
T.	 Lyr	 ....................... ............................... 2400
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TABLE 3
THE MAGNIMDE OF THE INFRARED STARS
OBJECT B \' R I ! K L ^1
Neugebauer-
Martz-
Leighton (Cyg) 18.64: 16:60: 11.26 6.95 4.57 0.38 -1.1^I -3.47 -5.39
Haro-Chavira No_ I - 15.87 10.13 6.38 3.91 1.04 0.26 0.22 -
"	 No.2 18.60 14.16 9.18 5.83 3.67 1.06 0.39 0.27 -
"	 No.3 - - 12.28 F.36 6.25 4.06 3.40 - -
"	 No.4 - - 12.24 8.96 7.30 4.97 - - -
"	 No.6 - - 12.06 8.47 5.91 2.89 2.29 - -
"	 No. 7 - - 13115 g.-,-) 8.07 6.15 - - -
"	 No.8 - - 11.18 8.16 6.03 3.43 3.03 2.73 -
Hetzler 1- ' 18.43 15.36 >_91 6.01 3.67 1.48 0.82 0.44 -
"	 F _ - - 11.40 7.58 5.86 3.87 3.32 - -
"	 4-1 77.76 14.76 9.71 6.53 4.66 2.60 2.18 - -
"	 A-2 15.25 12.95 8.65 5.41 3.73 2.11 1.71 1.58 -
X Cyg (min) 14.37 11.84 5.93 1.95 -0.13 -1.76 -2.56 -2.61 -3.42
T Lvr 1 3.70 8.18 5.24 3 .53 2 .55 0.23 -0.53 0.09 -0.30
0.
exactly the same wavelength as the curve for Haro-
Chavira No. 1. These comparisons indicate that the
new infrared stars belong to the class of M-type giant
stars rather than to that of carbon stars. They appear
to be very cool objects of the type of R Hya, o Cet
( Mira) and X Cyg,
Table 3 gives the observed magnitudes in the
several filter bands, computed from the data of Table
^. The B and V magnitudes for the first object prob-
ably represent upper brightness limits since a faint
nearby star probably was included in the diaphragm
during measurement; the infrared star probably is
fainter than V = 16.6. The data of Table 3 evince a
most remarkable fact - that in the small area of the
sky (40 square degrees) that has been covered, there
are several stars whose visual ma gnitudes are such
that at least a fairly large telescope is necessary for
a person to see them, but which must be listed among
the bright stars in the infrared.
This point is emphasized by the statistics of our
infrared observing programs: We have observed
about 700 stars at magnitude K; of these. 65 are
brighter than K _ 0.00 and about 150 are brighter
than K = ; .00. Thus, the new infrared stars are well
toward the top of the list of the brightest stars at
2.2 u. At the longer wavelengths, they climb even
higher in th ° list; for example, the Neugebauer-
Martz-1-eighter- object is the brightest star N­ ob-
served at N (10.2 µ) - it is about 0.7 mag b )ter
than a Orionis at this wavelen gth! Obvioush : the
infrared the apparent distribution of bright ,tars is
completely different from that which we see with our
eyes.
The photographic survey to discover more of
these very red stars is being continued by Haro and
Chavira, using the Tonantzintla Schmidt telescope.
They have found many more very red stars, although
none is as red as the one found by Neugebauer, et al.
Haro writes:
We have been unable to find these very red stars in the
direction of the North Galactic Pole, and the same can
be said for the very dark areas near the Galactic Equa-
tor.... it seems as if these very' red stars have, in gen-
eral, a dis.ribution similar to the OB i stars): they
appear in re gions nearby the Milky Way, where there
are no outstandin g dark Nebulae. but at the same time
they do not appear frequentl y on the very outstanding
star clouds as - for instance - the Scutum Cloud.
However. they do not show, as (do) the OB stars, the
tendency to a-pear in very compact groups. Of course.
this is a very preliminary- impression. which will be
confirmed or not when we have sufficient material.
This distribution implies that these objects are quite
distant and, therefore, very large and very luminous.
Acknowledgments. This research has been sup-
ported in part by the National Science Foundation
under Grant GP-3736. One of us (E. E. M.) wishes
to acknowledge a grant from the Organization of
American States.
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Fig. 1 The spectral-energy curves for R Hya, x Cyg. Haro-Chavira No. I and the Neugebauer-Martz-Leighton Cyg-as object.
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Fie. 3 1 he findin g charts for Haro-Cha p
 ira objects. The positions ( 1965) are:
RA	 DEC
No. I	 20h32m6
	 +,;2'14'
No.	 20 31 . 2	 +40 30
No. 3	 20 24. 3
	 +40 37
No.4	 20 25. 4	 +39 42
Chart. for Nos. 1. '_, and 3 were copied from the red Palomar Survey plates: No. 4. from the blue plate.
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Fig. 4 The finding charts for Haro-C ha, ira objects. The position% ( 1965 ) are
RA DEC
No. 6	 20h39 T6 +40'57'
No.7	 20 40. 8 +40 14
No. 8	 20 42. 4 +40 46
The charts were copied from the red PaIc.nar Survey plates
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FIG. 1. General view of instntnent. (A) Hydro-
gen lamp, (B) grating monochromator, (C) col-
limator, (D) filter and .:ark slides, (E) reference
detector, (F) specimen chamber, (G) spe-.imen
cartage, (H) telescope, (I) photumul:iplier
housii.g, (J) ADP polarizer.
No. 57 MODULAR OPTICAL TEST INSTRUMENT FOR 1700-11,000 A't
bY S. F. PELLicom, E. H. ROLAND, AND T. M. TESKA
December 28, 1964
ABSTRACT
A laboratory instrument is described which is capable of precise measurements of refraction, transmission, pol:,rization,
and reflection from 1700 to 1 :.000 A. The instrument consists of eight modular t_nits that can be bolted together in various
serial arrangements as required for the particular test. A gonimeter specimen chamber and specimen carriage of unusual
design are described. The specimen charnber utilizes a transit dial and is readable to 20".
C
I. Introducton
T
HE nature of the measurements to be made with the
balloon-borne telescope of Project Polariscope i de-
mands a versatile type of laboratory test instrument which
is not commercially available. It is necessary to measure
the transmission, polarization, and depolarization proper-
ties of filters, mirrors, and new materials in the ultraviolet.
In addition, the instrumental polarization and total re-
spoi_se of the Polariscope system have to be determined.
The instrument described here is capable of refraction,
transmission, polarization, and reflection measurements
from 1700 to 11000 A. The spectral response of detectors
oelow 3200 A can be determined.
2. Description of the Optical System
The light source (Fig. 1) used below 3400 A is a deuter-
ium concentrated-arc lamp, with a fused silica windcw,
giving a continuous spectrum output (Sylvania DE-350).
A mercury-vapor lamp is used as a line source for refrac-
tion studies (Ultra-Violet Products 11-SC-1A).
Monochromatization of the light beam is achieved by
a 600 lines/mm. reflection grating, blazed at 2500 A, and
overcoated for use below 2000 A. The monochromator
(Diffraction Products, Inc.) has a focal length of 250 mm
and is normally
 used with the slits set for a 9 A bandwidth.
Collimation of the f14 exit beam of the monochromator
is done with a 60 mm focal length piano-convex lens made
of Suprasil (Englehard Industries, Inc.). An adjustable iris
follows the lens. The lens is moved along its optical axis,
without rotation, for focusing (Fig. 2).
A second such lens module is used as a telescope in front
of the detector. The focal plane aperture for this lens is
circular, with a diameter of 0.165 mm. The Suprasil lenses
will be replaced by lithium fluoride lenses to extend the
range in the tiv to the limit set by the window on the
source.
The modules described below are constructed of 4X8
cm aluminum channel welded together to form rigid boxes.
These boxes are provided with 10 cin square flanges on
their ends sv that they can be bolted together. The flanges
are machined parallel and lapped, and carp be provided
with pins for exact mating with flanges of successive units.
A thin filter-slide follows the collimator. Filters can be
inserted into the beam at this point if desired.
Following the fIter-slide a reference detector or a polariz-
'This cork is supported by the National Science Foundation as a part of Project Polariscepe, and by the National Aeronautics and Space
Administration (NA.,r-138).
rReprinted from The Re , ietir of Scientific Instruments, Vol. 36, No. 5, pp. 611-614, May 1965, with permission.
' T. Gehrels and T. bL Te ika, Appl. Opt. 2, 67 (196.3).
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FIG. 4. Construction of the specimen cham-
ber. (1) Transit dial (2) dial housing, (3)
9 body, (4) chamber door mounting surface,
(5) slot for exiting beam, (6) rotating plate,
(7) thrust ring for rotating plate, (8) plate
4 radial support axis, (9) tangent screw, (10)
clamping screw, (11) clamping ring, X12)
dial arm, (13) dial arm tube, (14) dial arm
load spring, (15) Negator spring slot closure,
(16) slot closure guides, (17) Teflon tape,
(18) felt strip, (19) slot closure drive tube,
(20) base, (21) carriage rail, (22) carriage
stop.
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^ FIG. 2. Col lima tor-tcle-
scope module. (1) aptr-
I	 2	 cure, (2) lens, (3) calibrated
-3	 focusing scale, (4) calibra-
4	 ted iris scale, (5) iris, (6)
iris adjustment ring, (7)
lens focusing ring.
G
ing prism module can be inserted. The polarizer consists
of a rotatable single-beam ammonium dihydrugen phos-
phate prism whose position angle can be read to 6'. The
prism is contacted with Dow Corning 200 fluid and can
be used down to 2000 A. The reference detector module
is constructed of a cylindrical tube mounted at a right
angle to the light beam, as shown in Fig. 1. In the tube is
a piston ou which is mounted the reference detector which
can be slid info or out of the beam. The detector is a 1F21
photomultiplier tube preceded by a blue filter on whose
front surface is coated a thin film of sodium salicvlate.
This film has a constant quantum efficiency for conversion
of ultraviolet iudiation, from 3200 down to 900 A, into
blue light of constant wavelength. Th i s detector can thus
be used to measure the spectral energy distribution in
the beam emergent from the monochromator-collimator
system.
A specimen chamber and specimen carriage follow nest.
They will be discussed at length below.
Several photomultiplier tubes are used as detectors. For
work below 6500 A an EMI 62555 is used. For measure-
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FIG. 3. Specimen chamber (A) Transit dial, (B) clamping screw,
(C) tangent screw, (D) clamping ring, (E) thrust ring for rotating
plate, (F) rotating plate, (G) dial arm load spring, (H) dial arm load
lever, (I) dial arm tube, (J) chamber door mounting surface, (K)
Negator spring roll, (L) carriage stop, (M) carriage rail, (N) mount-
ing surface for reference detector or collimator.
ments above 6000 A an RCA 7102 can be inserted in its
place. Dark current can be "bucked out" with a constant
current source.
The entire instrument can be flushed with dry nitrogen
when used below 2200 A and is then usable down to
1700 A.
I
3. Specimen Chamber
The specimen chamber utilizes a 16.5 on diam transit
dial that is readable to 20 (Figs. 3 and 4). The dial hous-
Fie. 5, Specimen carriage. (1) Specimen
mounting plate, (2) carriage body, (3) rotary
table, (4) adjustable balls, (5) cones, (6) microm-
eter screw, (7) drive strap, (8) cone adjustment
screw, (9) adjustment screw access slot, (10)
fixed ball, (11) cone load spring, X 12) mounting
plate load spring.
I
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ing is fitted into one end of a cast-aluminum body of
cylLidrical shape. The other end of the body is closed, and
the whole forms a light-tight chamber in which the test
specimen is mounted.
A door for introducing the s,rcimen into the chamber is
provided on one side of the body. A machined flat surface
for attaching the instrument to the collimator is located
at 00° spacing from the door. The collimated monochro-
matic bean passes into the interior of the chamber through
an aperture in this surface. After leaving the test specimen,
the beam passes from the chamber via a slot in the wall.
The detector is carried on a plate that is rotatable about
the axis of the specimen chamber. This plate is supported
at its upper end by a thrust ring which fits closely the
outside diameter of the dial housing and which bears upon
the machined upper surface of the instrument body. The
lower end of the rotating plate is supported radially by an
arm pivoted at the bottom of the body. Fine adjustment
of the angular position of the rotating plate is obtained by
means of a tangent screw and a clamping ring assembly.
The position angle of `he rotary plate is determined from
a reading of the transit dial. The plate can be rotated
through approximately 150°. The dial is cannected to the
plate by means of a radial arm attached to the dial hub.
The plane of arm rotation is located at the top of the speci-
men chamber. The end of the arm carries a small right
angle plate into which a stainless steel tube is threaded.
The tube projects through the slotted wall of the chamber
and is held in spring-loaded contact with a steel pin fitted
into the rotating plate. Motion of the plate is transmitted
to the dial through this tube-arm connection. The emergent
beam passes out through the tube. A spring-loaded arm
is used to prevent undesirable stresses in the dial drive
members and bearings in the event any slight misalignment
of the dial and plate axes should exist.
As the rotary plate is moved, the dial drive tube moves
along the slot in the fide of the body. Since the bode forms
the specimen chamber, a light-tight and moderately gas-
tight slot closure had to be devised. A Negator spring
(Hunter Spring Division, Ametek, Inc.), is used as such
a closure. The Negator spring is held in a groove that runs
along the inside wall of the chamber by means of metal
guides. Teflon tape reduces sliding friction between guides
and spring. Strip felt is used as a seal between Negato-
spr ing and chamber wall. The spring is used without
take-;:p spools as the natur:.l tendency of the material to
recurl is sufficient to cause the spring to roll up at the er•d
of the guide in a satisfactory mariner for this applicrition.
A steel tube rigidly attached to the rotating plate fits into
a hole in the Negator spring and causes it to be driven
along as the plate is rotated. The dial drive tube passes
through this larger diameter tube but is not in contact
with it. In this way, the force required to move the spring
closure is transmitted directly from the rotary plate and
does not have to be provided by the dial arm spring.
4. Specimen Carriage
The instrument is provided with a sliding specimen car-
riage. The carriage can be moved along a pair of guide
rails by means of a handle that passes throng} a seal in
the chamber door. In this way, the specimen can I _- in-
serted into or withdrawn from the monochromator bean
without opening the chamber. The carriage contains a table
that permits rotation of the specimen about an axis coincid-
ing with the rotating plate axis of the specimen chamber
(Fig. 5). The carriage guide rails are adjustable for precise
alignment of these axes. The carriage table is driven by
means of a micrometer screw and a spring-loaded strap
arrangement. The table may be siipped with respect to
the drive strap for rapid adjustment, which initially is
%coarse. The micrometer is carried by the carriage-position-
ing handle that projects through the chamber door. Each
division of the micrometer head (0.002 cm) corresponds to
a rotation of S ` of the table.
The carriage table is provided with a plate that is tapped
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for attachment of the samples to be tested. This mounting
plate is supported at three points by means of steel balls
that project from its lower surface and that bear upon the
top of the rotary table. One of the three balls is fixed. The
remaining two balls fit into holes drilled in the under side
of the plate, perpendicular to the specimen mounting sur-
face. These two balls engage a pair of hardened steel cones
that slide into holes drilled in the edge of the plate. Each
cone is spring loaded to keep it against an adjustment screw
accessible in the edge of the plate. Rotation of an adjust-
ment screw causes the cone to move along its axis of sym-
metry and thereby change the amount by which the ball
projects beyond the lower surface of the plate. The balls
are located in a right-angled triangular pattern so that
such movement of a cone causes rotation of the plate about
one of a -,air of orthogonal axes. The range of rotation
is limited to f0.5° about one of these axes and to f0.3D
about the other. The mounting plate is spring loaded to
keep it and the steel balls in firm engagement with the
carriage table. The cone adjustment screws are accessible
by means of a special wrench that can be inserted through
holes in the chamber door.
The test specimen can be precisely oriented with respect
,o the incident beam by means of the carriage adjustments
described above. A telescope can be bolted to the rotary
plate to allow autocollimation of the specimen. In this
way the surface of the specimen can be set perpendicular
to the beam to within 4- V.
5. Experimental Results
Teska has done a study of the refractive indices of
ammonium dihycirogen phosphate (ADP) from 6563 to
1810 R, and of magnesium fluoride to 1780 A' The proba-
ble error in the measurements above 1850 A for magnesium
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ADP Wollaston prism.
flouride is X0.00004. A comparison made for magnesium
fluoride with the more precise measures made in the visible
by Duncanson and Stevenson' shows our data to be high
by 0.00022. This difference might be due to an actual
scatter in the indices of different samples. More probably it
is due to a 30" error in the portion of our transit dial used
to measure the deviation of the refracted beams. This
degree of error is consistent with the =1:0.013
 mm machin-
ing tolerance used in the construction of the instrument.
A 60° prism for liquid refraction studies was made. An
epoxy jacket was molded around a glass tube which was
fitted with Supra3il end windows. A space was; ,
 lowed in
the epoxy jacket for the circulation of liquid for the heating
or the cooling of the fluid under test. Figure 6 gives the
refractive index of Dow-Corning 200 fluid, which is used
as the contacting agent in uv prisrns down to 2000 t1
Different batches of Dow-Cor. ,ng 200 fluid will have
slightly different indices.
With proper elimination of stray light and dark current,
it is possible to measure transmittances <0.005% through-
out the spectral range.
The instrument has been regularly used to measure the
transmissions of filters and ADP Wollaston prisms, and
the responses of ultraviolet phototube , . Figure 7 shows the
transmission and deviations for a typical ADP Wollaston
type polarizing prism made for the Polariscope program.
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